High quality single crystals of Cs2Au2X6 (X=Br,I) were grown using a ternary self-flux method. Structural refinements based on single crystal X-ray diffraction measurements show that both materials have a distorted perovskite structure belonging to the I4/mmm space group with full site occupancy. Transport measurements reveal a large bandgap of 550 ± 100 meV for Cs2Au2I6 and 520 ± 80 meV for Cs2Au2Br6. Initial attempts at chemical substitution are described.
I. INTRODUCTION
The title compounds, Cs 2 Au 2 X 6 (X=Br,I) adopt a distorted perovskite structure. Although simple charge counting arguments might indicate a single gold valence Au II , and hence a metallic state, the materials are in fact found to be hard insulators, comprising two distinct Au sites with different formal valences Au I and Au III 1-5 . However, hydrostatic pressure can induce a coupled first order structural and valence transition at ≈9 GPa for X=Br and ≈5.5 GPa for X=I, spurring considerable recent interest in the associated changes in the electronic behavior 3, 6, 7 .
The mixed valence state in Cs 2 Au 2 X 6 at ambient pressure is reminiscent of Ba 2 Bi 2 O 6 , which also adopts a distorted perovskite structure in which two distinct Bi sites have been associated with formal valences Bi III and Bi V 8 . Significantly, in the case of Ba 2 Bi 2 O 6 , suppression of the charge density wave (CDW) state via hole doping yields superconducting ground states for Ba 2−x K x Bi 2 O 6 9,10 and Ba 2 Bi 2−x Pb x O 6 11 with moderately high maximum T c values of 30 and 12 K, respectively. The origin of the pairing interaction in these compounds is unclear and is still a matter of ongoing research. One possibility that has been suggested is that the correlations that result in CDW formation for the parent compound are still present for the doped materials, and that the associated valence fluctuations in the metallic regime result in a local pairing interaction 12 . Some evidence such a scenario might be appropriate can be found in the doped superconducting semiconductor Pb 1−x Tl x Te, for which Kondo-like behavior in the absence of magnetic impurities has been attributed to Tl valence fluctuations [13] [14] [15] . The physical origin of the charge disproportionation in these materials is likely somewhat different, though. In the case of Ba 2 Bi 2 O 6 and Tl-doped PbTe, the two valence states are associated with filled and empty 6s shells, whereas for Cs 2 Au 2 X 6 Jahn-Teller distortion of the coordinating halogen ligands stabilizes 5d 8 and 5d 10 electron configurations. Nevertheless, the fact that charge disproportion plays an important role for both materials motivates a concerted experimental effort aimed at suppressing the mixed valence CDW state in Cs 2 Au 2 X 6 via chemical substitution. Controllable chemical substitution requires a synthesis technique that readily allows additional elements to be introduced in a controlled fashion. Previously, single crystals of Cs 2 Au 2 X 6 (X = Br and I) have been grown via a diffusion method, using either acetonitrile or hydriodic acid as a solvent respectively 7, 16 . This technique suffers the drawback of not being easy to introduce additional elements to the solution, motivating development of alternative crystal growth techniques. Here we show how large, high quality single crystals of Cs 2 Au 2 X 6 can be grown directly from a ternary melt via a slow-cooling, self flux technique. We characterize the samples by single crystal x-ray diffraction, electron microprobe analysis, and electrical transport measurements. We also describe results of initial attempts at chemical substitution.
II. SYNTHESIS
The largest crystals of Cs 2 Au 2 I 6 were obtained by slow cooling mixtures of CsI (Alfa, 99.999%), Au (Alfa, .99%), and I 2 (Alfa, 99.99%) in molar ratios of 1.3:1:1 respectively. The reagents were weighed and placed in a 2 ml alumina crucible, which was then sealed in a quartz tube after being flushed with argon and evacuated. The quantity of reagents was calculated such that the pressure in the quartz tube would not exceed 3 atm at the maximum temperature. For Cs 2 Au 2 Br 6 , optimal results were obtained from a similar molar ratio of reagents (CsBr: Alfa, 99.999%), but liquid bromine (Alfa, 99.998%) was added to the crucible inside the quartz tube using a micro-pipette after the tube was partially necked using a hydrogen torch to minimize loss of bromine. The end of the quartz tube holding the crucible was then cooled by immersion in liquid nitrogen to avoid evaporation of arXiv:1111.7017v1 [cond-mat.mtrl-sci] 29 Nov 2011
Br during the evacuation and subsequent sealing of the ampoule. The sealed quartz tubes were placed in a furnace and heated from room temperature to 630 o C for Cs 2 Au 2 Br 6 and 550 o C for Cs 2 Au 2 I 6 over the course of 42 hours. After dwelling for 10 hours, the furnace was allowed to cool back to room temperature at a rate of 5 C/hr. Crystal growth does not appear to occur via chemical vapor transport, but rather via precipitation from the molten solution. Care must be taken when opening the quartz tube after the growth procedure since small quantities of unreacted Cs can sometimes react violently when exposed to oxygen. Crystals with dimensions up to approximately 600µm x 300µm x 50µm can be readily extracted from the crucible. The crystals have a platelike morphology, with the c-axis perpendicular to the plane of the plate and are gold in color ( Figure 1 ). The material reacts with moisture, and must be stored in a dessicator. The crystal growth method described above readily enables incorporation of a wide variety of additional elements to the melt. Initial substitution experiments included Zn, Ga, Se, Ag, Cd, In, Te, Pt, Pb, Bi and Ho, for a variety of concentrations. In all cases, the additional elements appeared to dissolve in the melt. And in nearly all cases, slow cooling of the quaternary melt still resulted in crystal growth of Cs 2 Au 2 X 6 , though often with slightly reduced size. However, microprobe analysis revealed that none of these elements were incorporated into the Cs 2 Au 2 X 6 crystal lattice to any appreciable extent. Furthermore, electrical resistivity measurements for crystals taken from these batches always revealed insulating behavior with a similar gap to that of the parent compounds (see section IV below). Hence, despite considerable effort, we have thus far been unable to make Cs 2 Au 2 X 6 metallic by chemical substitution. The list of elements that we have been able to try thus far is certainly not exhaustive, and several other impurities and other strategies (including high pressure synthesis) might be more favorable.
The remainder of the paper is dedicated to the characterization of the undoped parent compounds grown from ternary melts as described above.
III. CRYSTAL STRUCTURE
Initial powder x-ray diffraction measurements indicated a similar structure to previous measurements of Cs 2 Au 2 X 6 3 . For a full structure determination, crystallographic data was collected using a Nonius KappaCCD X-ray diffractometer equipped with a Mo Kα radiation source (λ = 0.71073 angstrom) and a graphite monochromator. For Cs 2 Au 2 I 6 , a crystal with dimensions ≈ 0.05mm x 0.35mm x 0.45mm was mounted on a thin glass fiber using epoxy as an adhesive and diffraction data was collected out to 2θ of 80 degrees. The data collection strategy (a combination of φ and ω scans) was developed based on preliminary frames collected for unit cell determination and the criteria of a desired dataset completeness of 99.995% and redundancy of 3. Unit cell parameters and systematic absences suggested that the structure is body-centered tetragonal. Absorption was corrected using the multi-scan correction 17 . After determining the space group with the maXus software package, a preliminary model was generated using SIR97
18 . Final least-squares refinement of the model and extinction correction was carried out in SHELXL-97 and missing symmetry was evaluated with PLATON 19, 20 . The best fitting space group for Cs 2 Au I Au III I 6 is I4/mmm (No. 139) and our model agrees with previous structure report for this compound 3 . A similar structure determination was also performed for Cs 2 Au I Au III Br 6 using x-ray diffraction data collected with a smaller single crystal, ≈ 0.02mm x 0.1mm x 0.2mm).
The best fitting space group for Cs 2 Au I Au III Br 6 is also I4/mmm (No. 139) and coincides with previous structure reports for this compound 21 . Details of the structural refinement for both compounds are listed in Tables I-IV. For both cases, the x-ray refinement indicates full site occupancy. For Cs 2 Au 2 I 6 , the cation stoichiometry was also checked by electron microprobe analysis, using a JEOL JXA-733A with elemental Cs and Au standards. Normalized to the Cs content, the Au content was found to be 1.004±0.032, confirming the full site occupancy determined by x-ray diffraction. Uncertainties represent the standard deviation between multiple measurements on the same crystal performed at different crystallographic locations. The iodine concentration could not be accurately determined due to partial decomposition in the electron beam, presumably due to heating effects.
As illustrated in Fig.2 , the Cs 2 Au 2 X 6 structure comprises a distorted perovskite structure in which linearly coordinated AuX 2 and square-planar coordinated AuX 4 complexes alternate through the crystal lattice. Interatomic distances are listed in Table IV . As previously suggested, the coordination is typical of Au I and Au III formal valences respectively 7, 21 . The ratios of short-tolong Au-X bonds Au1−X1 Au1−X2 and Au2−X2 Au2−X1 is slightly closer to unity for X = I (0.7631 and 0.8017 respectively) than for Br (0.7464 and 0.7883). This difference can also be appreciated by inspection of the internal parameters describing the positions of the halogen ions X1 and X2 in the unit cell (Table III) , which are closer to the fully symmetric positions (0.25, 0.25, 0) and (0.5, 0.5, 0.25) respectively for X = I than for X = Br. This difference is likely directly related to the reduced value of the critical pressure associated with the coupled valence and structural transition found for Cs 2 Au 2 I 6 (≈5.5 GPa) relative to Cs 2 Au 2 Br 6 (≈9 GPa), but the physical origin of the difference is unclear. 
IV. ELECTRICAL RESISTIVITY
Transport measurements were made on single crystals of Cs 2 Au 2 X 6 using a Keithley electrometer. Samples were mounted in a 2-wire configuration for measurement of the in-plane resistivity. Contacts were made with Au wires using Dupont 4929 Ag-epoxy and allowed to set at room temperature. Samples were attached to a glass slide and wired to an Oxford Instruments optiflow cryostat probe with two separated coaxial cables. The inner cores of the coaxial cables were used for the voltage measurement. Measurements were made over a temperature range of roughly 300K to 200K with the sample in He exchange gas. Below ≈200K the resistivity became too large and was no longer measurable using the current experimental set-up. 
The temperature dependence of the resistivity of both compounds follows an activated behavior, which can be readily appreciated by inspection of figure 3 showing the natural log of the resistance as a function of inverse temperature. Data plotted in this manner were fit to a straight line and the gap ∆ determined assuming typical semiconductor activated behavior:
Resulting values of the bandgap are, ∆ I = 550 ± 100 meV and ∆ Br = 520 ± 80 meV for Cs 2 Au 2 I 6 and Cs 2 Au 2 Br 6 , respectively, where the relatively large uncertainty reflects a combination of electrical contact to the material and sample-to-sample variation.
The gold-halide materials are very good insulators, with a typical room temperature resistivity of ≈700 mΩ (14) Au1 → Au2 (along ab plane) 5.8582(7) Au1 → Au2 (along c axis) 6.0423 (8) Cs-Br1(x8) 3.9709(4) Cs-Br2(x4) 3.9175(5) Au1-Br1(x4) 2.4471(9) Au1-Br2(x2) 3.2787(13) Au2-Br1(x4) 3.0591(10) Au2-Br2(x2) 2.4117(13) Au1 → Au2 (along ab plane) 5.5062(5) Au1 → Au2 (along c axis) 5.6904 (8) cm, corresponding to resistances of 500 MΩ for typical sample dimensions. The measured transport gap (550 meV for X=I) is considerably less than estimates of the minimum intervalence charge transfer (IVCT) excitation determined from optical reflectivity measurements (≈ 806 meV for the Au I (5d z 2 ) to Au III (5d x 2 −y 2 ) transition for Cs 2 Au 2 I 6 observed for electric fields oriented perpendicular to the crystallographic c-axis) determined from optical reflectivity measurements 6 . The reason for this difference is not immediately obvious. Given the very large value of the intrinsic resistance of the samples (rising up to 25 GΩ at ≈200K for typical samples), the discrepancy might be due to excess halogen leaching out of the crystals, or water settling on the sample surface, affecting current paths and lowering the effective gap. Unfortunately, the surfaces could not be easily cleaned with usual solvents, including water, methanol, acetone, and isopropyl alcohol, due to adverse reaction. Equally, a difference in the apparent gap probed by transport and reflectivity measurements can arise from a number of mechanisms including an indirect bandgap, pinning of the chemical potential by localized impurity states, or perhaps if the charge transport mechanism does not involve single carrier hopping. Perhaps coincidentally, the closely related CDW compound Ba 2 Bi 2 O 6 also exhibits a significant difference in the transport and optical gap (by a factor of almost ten) 22 , although the origin of this effect is uncertain.
V. CONCLUSIONS
In conclusion, we have described an alternative method to grow large, high quality, single crystals of the mixed valence compounds Cs 2 Au I Au III X 6 , (X=I,Br) by means of a ternary self-flux. Single crystals x-ray diffraction measurements confirmed the previously determined crystal structure of both compounds 3, 21 . Transport measurements reveal a band gap of 550 ± 100 meV for Cs 2 Au 2 I 6 and 520 ± 80 meV for Cs 2 Au 2 Br 6 . Initial attempts to chemically substitute with a variety of dopants, were unsuccessful.
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